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A hot topic...

Phys.Rev. D91 (2015) 7, 072010

m Oscillation measurements in v, disappearance V_appearance
far detector constrained from g 'R g g
near detector (xsec x flux) : 8 : [Jomesi™ 3 g, | ekt {
aim to _~1°/_o uncertainty on signal z fv | S £ | 5 §___:I:;;-:.':[1'.?F”‘ ]
normalization at future long /ﬁ_ = e 5
baseline (T2K today ~8 %) ! < 5 ] <us
x4 s

ND—FD extrapolation : g3 -
- different acceptance and target = 2 Zost |
. different E, distribution Eio T e T NI i :

— o os T TIs 2 s 0 02 04 06 08 1 12
. \)“ —V,, Vu Er (GeV) ET* (GeV)

— rely on models to extrapolate : many different v interaction models +
convolution of xsec with final state interaction effects

m Measurement of v xsec at ND is experimentally complicated:
 E, not known: xsec measurement always convoluted with flux — importance of
minimization of uncertainties in flux modeling (and/or ratio measurements)

« E, inferred from final state leptons/hadrons which have limited angular acceptance,
threshold on low energy particles, very small info on recoiling nucleus...

large model uncertainties convoluted with unfolding of detector effects
— measurements also quoted in limited phase space, x-checks btw different selections

large model uncertainties on background
— control regions and sidebands to constrain background from data
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Outline

m Brief description of experiments:
o T 2K«</ off-axis near detector (ND280) ArgoNeut see back-up

\\,on-axis near detector (INGRID) CAPTAIN talk from A. Higuera

- MINERVA /

(not covered: NOMAD, MiniBooNE, ArgoNeut,...)

m Qverview of recent measurements

T2K flux : ND280—INGRID e CCOm
& T Formaggio. Zeller (talks from A. Furmanski, A.Ghosh)
9‘:1-4:_ I ﬂ 4 arXiv:1305.7513
t1.2F |
s 4 il | « CC1m, coherent CC1mt
2 F * l (talks from M.Nirkko, M.Carneiro)
u_fo.a:_ e
g5 - CC inclusive in different targets,
S04 and for v,
80.2F
= .k
~ 0 '1'('r1  (DIS: talk from A.Bravar)

m Theoretical review of models in talks from H.Gallagher, M.Martini, T.Feusels
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T2K near detectors

U1 Magnet Yoka

m Oscillation experiment on J-PARC beam with B
Super-Kamiokande as FD (POT : ~6x10®°v + ~4x10% v )

« flux measurement from dedicated experiment
NAG61/SHINE with T2K replica target

ND280 : off-axis (2.5°)
 fully magnetized (0.2 T)
« FGD scintillators : ~8x10% nucleons (CH) + 2.2x10% (H,0)

« TPC — good tracking efficiency (acceptance
enlarged to backward tracks), resolution (6%
p.<1GeV) and particle identification

e POD scintillator with water target

3 3 B B 3B 3
A ALALA

-~

INGRID : on-axis
INGRID

" —vwual e jron plates alternated with CH scintillator
(+ proton module : fully active scintillator)

« coarser granularity, not magnetized but larger
mass : 2.5x10% nucleons (Fe) + 1.8x102° nucleons (CH)

Proton Module
E

. INGRID horizontal modules
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MINERVA

1 _ il el R ; m Dedicated xsec experiment
Sicde HOAL | b on the NuMi beam
Side ECAL g g : 20 20 \)
y I Tt 5% POT : 3x10 v, + 2x10 v,
3 .ES v-Beam -——_____ﬂ(/‘ fi bR
= E T & E [ (5] @ E E H
E ¥ aewerecker P [ 52| 82 [c 2 [ S5 | * flux constrained from NA49
NRFRR = = O O .
g E ff i Ed| 24 |57 | 28 on C and 17K ratio from
E Liquid L 35) B.3 tans total 2 Q Q g g MIPP I N M t t
3| Helum | 3 o IR 23 (replica NuMi target)
Side ECAL 06 tons ==
Side HCAL 116 tons
] o Em >
= 2 =

* large active mass composed of
scintillator (~3.5x10% nucleons CH)

~ m candidate .
- L] « muon — MINOS : strong dependence

of efficiency on muon kinematics
(O eff for p <1GeV and 6 >20°)

momentum resolution 11 %

p candidate

j'[ Candidaté - upstream inactive targets (C, Pb, Fe, H,O)

Modale Nanilier > alternated with scintillator
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Charged Current Quasi-Elastic " -

= Dominant contribution at T2K flux : QE approximation assumed to W
compute E, (from E ) for all selected events in SuperKamiokande
— wrong modelling would cause bias on oscillation parameters n~ CCQE p
- . . w1 0-39 MiniBooNE Collaboration, Phys.Rev. D81 (2010) 092005
MC description tuned from bubble = 16
chambers vH data /E 1;;_ (b)
© 10E S
m MiniBoone measurement shows large 8E h.ﬁnm.,;,;:ﬁt;;:,l:,ﬁ;;;;fj?*ﬁ —+
discrepancy wrt to this model (large M%)  §E E‘EE?F"[';.‘E“E‘[&;’:'];» e
—s explication from theoretical models 2- S RFG model with MY=L3S GeV.x=L007
including : 10" 1 10  EJ™(GeV)
* long range correlation between nucleons | Martini et al., Phys.Rev. C80 (2009) 065501
(akaRPA) ,—III_I.II_IIIIIIIIIIIIIIIIII
L : : : : S
« possibility of interactions with NN pairs Lo

(aka 2p2h and MEC effects)

3
om’]
w o
I [
: i
Y
\ P
\ "
\ g
\
\
1 k
\
]

Effort ongoing to include them in MC

AL 107 em’

= Final State Interaction only included in !
MC models: CC1mtwith pion re-absorption A

included in signal (CCOT) OT eI e T
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CCO1t T2K new result

o(CCOm) / 100 MeV [fb]

New analysis : mu, mu+p — increased acceptance at high angle .00
background from control regions ~ model-
differential in muon kinematics dependence

/

Double-check with analysis with proton inclusive selection : in good agreement
— results are solid against any model-dependent bias

muon cosé -1.00 - 0.00 muon cose 0.00 - 0.60 muon cos@ 0.60 - 0.70
15% data (shape uncertainties) g - £ ozz
08 = [ — Martini et al. > 02b
ol lizati rtainti = . RPA i p— = otef
e normalization uncertainties o 08— o 0.8
07 g L Martini et al = osf- —
0sE | g ol artini et al. §°-‘4? {
N S °°C  RPA+2p2h — S oisk-
- 1 S | ot
0.4f— ° 04— © 0'157
E L 0.08—
o3 - % —+— 0.06F—
02E 02— 0.04E= %
01 E 0.02E
N = AR AT I B L L L oL Lol L e e e e R L el
0 0.05 01 0.15 02 025 os 035 0 01 02 03 0.4 05 06 0 01 0.2 03 04 05 oe
muon momentum [GeV] muon momentum [GeV] muon momentum [GeV]
muon cos6 0.70 - 0.80 muon cos6 0.80 - 0.85 muon cos6 0.85 - 0.90
oo gmz_— gnjzj
> 022 2 2
2 oab = = = o ||
o E o - | o C
0.18— | =3 L I =4 C
~ 016 T %n.oa_— %n.osj
S 014 | 5 B S [ I
8 012 Q g.08— O 008/~
© o —+— ° r + °
.08 ' 0.04{— 0.04— —+—
0.06— C B
0.045 0.02— ! 0.021—
0.027 + B T C "
Ozt..tl.t.tl..t. Ll | | _ | L ) | ! sl b b \Hlt \ltt 0 N AT T NS E R \H\t \ltt
s o1 02 03 0.4 ts s o7 0 01 0z 03 04 05 06 07 0 01 0z 03 04 05 06 07

muon momentum [GeV] muon momentum [GeV] muon momentum [GeV]



8/18

CCOTt open issues

Com) / 100 MeV [fb]

GeV™" nucleon™

710 cm2

CCOx
dp dcoso

d? o

* New models with RPA+2p2h cannot describe full phase space (eg forward region has
pollution from CC1mt+ mabsorption FSI)

* need to properly quantify new model uncertainties (eg comparisons btw models)

* 'old' models implemented in MC contain handles to tune to data

AnaIySIS I muon cosB 0.90 - 0.94 muon cosB 0.94 - 0.98 muon cosh 0.98 - 1.00
0.00F gomé goozi —— Martini et al.
0.08]— ® [ 2
007l E 06— ZoorsE- RPA+2p2h
ST Soorsf- Y S :
we T | = o \9’_\0‘0147 ............. F A Nieves et al.
0‘05% 8 0‘04:_ 80‘012— RPA+2p2h
o E o E o
B 004 © = T *o
0.05 + L 0‘03? 0.008—
002:_ x 0.02— 0.006 ! |
E e 0.004[, T T
0.012 4 0= + 0.002—
 — '0F2' ' Io‘laI ' 'oFe' ' 'oFe' - : - ‘1!2 'nFe‘ ' 'o‘le‘ - 4 - I1.I2 00:' : '0'2' : '0'4' ' 'ole' : 'ola' — : — ‘1'2
muon momentum [GeV] muon momentum [GeV] ‘ ‘ ‘ muon momentumn [GeV]
Analysis Il
pd 0.6<cos6<07 0.85 <c0s 0 <0.9 0.975 <cos6< 1.0
C s 1 e 09 — NEUT
N: §F [ : (M,% =1.21 GeV)
8F = osf [ ! S B T & GENIE
: 8 F 3 M, 95 =0.99 GeV
A
0.6 E 06 E 0.3 o
- o E ] el
04 T 04— ~ 0.2 l
B oL ik
02 s 02 2 P04
O L 0 B 1 0 1 — |

-




CCOtt proton kinematics
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Events / 5 degrees

m MINERVA more inclusive : mu + at least
1p (no pions) and no cuts against FSI

x10°

10f —+— o=
- == Simulation
[ B non GE-like Simulation

o]

=== = Simulation wio FSI

o
T

- Area Normalized

f

— Simulation w'
| Sl & Sys Erors

]
IR B

20 40 60 B0 100 120 140 160 180
Reconstructed ¢ ( degrees )

= MINERVA:

* more inclusive proton-related

variable: vertex activity

e comparisonv — v systematics

highly correlated (70%)

2p2h interactions :
V,NPpP—-HKPpPP

v,np—pnn

QE peak (180°)
smeared by
Fermi motion,
inelastic scatt.
and FSI

(+ NN
correlations)

still dominated by model uncertainties through
proton/muon acceptance and pion rejection

200},

150L

Events / MeV

100}

v, Q?<0.2 GeV?

x107%° _ _
= [ POT Normalized Minerva Collaboration,
2 8|— Phys.Rev. D91 (2015) 7, 071301
E B GENIE RFG
r% 6 __ NuWrao RFG
9 = —— — MNuWro RFG+RPA
E [ ==+ NuWro RFG+TEM
N ﬁ 41— -.=.=. NuWro RFG+RPA+Nieves
g [ - = = = GENIE Inglastic
'3 2 __ NuWro Inelastic
0 0.5 1 1.5 2
QflE.p ( GeV?)
=
2 500 .
....... Total MC before fit = === Total MC before fit [
—
—— MC Background ..E 550] -~~~ MC Background
[ ] Total MC after fit g 200 - I:\ Total MG after fit
w |
¢ Data 450

200
Vertex Energy (MeV)

v, data suggest additional

proton with E<225MeV in
25 * 1(stat) + 9(syst) % of events

'L 4 Data
v Q%<0.2 GeV?
IFII H

50 :"E.

0 50 100

B 150 0
Vertex Energy (MeV)

205220 (£102) L1l NeTAeY SAud ‘uoleloge|jo) eAIBUIN

105220 ‘2 (€102) LL1 NeTAey sAud

\_)u data: no additional

proton (low sensitivity of
Minerva to low E neutrons)



CC1re:

MINERVA

A p,n
® Mainly from A resonance
Large effects from FSI: pion absorption, _
. i CCRES d
production or charge exchange x10°
=ﬂ; ; Shape Comparison 4+ Data
f ; © 12 77 BG: W> 1.7 GeV
' ' i - it - I BG: W < 1.7 GeV
Slgnal defined gs va+ N = p~ +mw +X/ s —
with no other pions and W_ <1.4 GeV @ ; t _ ,
. i i S 08¢ Minerva Collaboration,
(background normalized from fit to W __ in data) > | arXiv:1406.6415
0.6/
FSI effects larger than difference in xsec models : 0'4;_ -
FSI from MC cascade models tuned with TN 0.2 .

do/dT, (cm?MeV/nucleon)

measurements (+new measurement by DUET)

x10* e
— POT Normali . c i
22._ " é::taez_ﬁgmr'm (@) MiniBooNE MINERVA
o | GENIE 2.6.2 No FSI o PRD 83, 052007 (2011) 3.04020 POT
- NEUT 5.3.1 (CH) g S e T GENIE __ GENIE
18 - TR :"c'g;‘é"} c BN fiux, GH, NuMI flux, CH
- -~
16 e % } data t data
1 4;— E 10
1 2:- : ! % /
10 o
- o
81 ‘rb 5
asSenl S My
ol / & 3 L
E‘ j | | i [ i I I e % L - — . L .
0 50 100 150 200 250 300 350 40 100 200 300 40

Pion Kinetic Energy (MeV) n* Kinetic Energy (MeV)

05 1 15
Hadronic System Mass (GeV)

2 25 3 35 4
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= MiniBooNE — MINERVA
discrepancy?




CC11t in water : T2K

m Constrain FSI on different nuclei (C vs O)

= FGD2: m
) ﬁ]&::zi;’aev"e"gter T Lupstream modules
e CH+HO
with CH o | :
scintillator "= downstream
modules modules CH (W‘

» backgr. of carbon interactions constrained from data
(also control regions for other CC interactions)

m Results :
 data below GENIE as in MINERVA

« suppression at rtsmall angle (contribution from

Number of events / 0.05 GeV

Number of events / 0.05 GeV

e 11/18

140

1 CC1x other
CC non-1m XY
C non-1x water

120

100

CC non-1m other
non v, CC

80

60

40

20

B2 04 06 08

50

40

30

82 04 06 08 1 12 14 16 18 2

coherent CC1m) p_/GeV
—_ E RS &
S“ :_'_' LN L L B L IR T T T TTTTT ] o 022;_ _
§ 0.14p --- NEUT 1 3 o02f -~ NEUT 4 coming
2 0.12H —— GENIE 4 2 018F — GENIE : “ToK
L 2 ~TKdata ] 5 0165 ~+- T2K data JJ: soon .
z olg Pl IJ¢ CC1min
g 0:08p] 1 2 GiE Carbon with
] r ] X E . .
5, 006 1 Soo0ss interesting
x 0.04F ERE Y angular
5 002 4 B omETT studies...
© = 4 = S
8.2 2 8.3
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CC1tmtcoherent

m Small component (~1% of CC) :
=1 +
M * very small momentum transferred to the nucleus (|t]) which
remains intact and unaffected

t, T * may be a background to oscillation experiment when ¢ (NC 1°)

o T mistagged as proton (electron)

 very large model uncertainties

Rein-Seghal model: Adler theorem to relate pion-nucleus xsec to CC1m
coherent at Q?=0 and then approximation to go away from Q%=0

Alvarez-Ruso model is a microscopic model which computes diagrams with A resonance

« difficult to isolate — maturity of our experiments !

selection based on presence of only u and 1, no energy released around the
vertex (low vertex activity) and small |t]

— still model-dependence in acceptance corrections

— contamination of diffractive xsec on H : 5% T2K, 7% MINERVA
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CC 1 T[.+ COherent T2 K signal bkg. control region

< >
ol :I TTT | \i T | TTTT ‘ LI | TTTT ‘ L | TTTT ‘ LI | TTTT ‘ 1T I:
: - : i % 450 small vertex activit
« Signal region with small vertex activity and g 405 y

A\ I External B.G.

[ ne

CC DS

low |t| — 2.50 indication of CC1mt coherent\o 3

» 2 control regions (large vtx activity and [t|) ‘§;’30 . cC Rosanance
to fit background vs pion momentum and 325 Blv.ccas

[ v, cc other
[ ]ec + Other

hadronic mass (MC suppressed by ~85%) 20

— very good agreement of background 15
tuned from data but still large backg. 10
model uncertainties \

00 0.1 02 03 04 05 0.6 07 08 09

1
% 0.5 4  Datausing RS model ' "<& T T Itl [ GBV2 ]
o RS (nominal) flux avg =
) 0.45 RS (nominal) cross section - |al"ge Vertex aCtIVIty
g 0.4 ¥  Datausing AR model = I I B L B B B LR
@) " '| =— — AR (nominal) flux avg - % 50 __ __
— 0.35 AR (nominal) cross section - @) - I External B.G _
& 0 35_ = a0 F I~ ]
I -1 = - |
; = 3 < 401 [ Jv.ccois -
Py 0.25 = E E - Bl . cC Resonance ]
« 02 = § 20k [ ]v.ccaEe B
© 0.15F = ;ﬂt [ ]v.ccC Coherent |
0 15_ 3 ] ~,. cc other ]
005E me A = .
GE | | /I | | 1 | | | | | | 1 1 1 1 | | | 1 | | | | | | E = 1
0 0.5 1 1.5 2 2.5 3 10 __
neutrino energy / GeV i ]
0 L 3\ dmaLn =

0 010203040506070809 1
It [ GeV? ]
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CC11¢ coherent. MINERVA

e Similar selection and background constraints in v and v beams Phys.Rev.Lett. 113 (2014) 26, 261802
— large suppression of backgrounds wrt to MC predictions (60-70 %)

peVut AW T+ A co=Vu AW+ T+ A

Enough statistics for a o~ TR < O
differential measurement 2 /&, Xind{ -14.068 I B
. . . =/ +DATA £ 0.15- +DaTA
— indication of O | st __GEMIE v2.6.2 > - —GEMIE v2.6.2
. = o
suppression at low 11 5 T of
£ N
energy and large Ttangle S|4 g
. u S
wrt to Rein-Seghal model | 0.05 -
\ , 0 \ 3
R R R o v g o R
Total xsec: Pion Energy (GeV) 8, wir to Beam {Degrees}
at low energy first measurement higher energy MINERVA agrees with previous
from T2K: in agreement with previous measurements on different targets (eg ArgoNeut)
upper limits (K2K, SC|BooNE) pgm Vet A ST 4 A 1010% Va+ASpt+m+A
w 0.5 L L L A R S B B B - 30 T T — T 2 C T T L LI
2 ¥ Datausing AR model I I 3 2 [ T = -
2 05 T2 e ER <
2 04 ® KQK( ! _% ﬁ 25F ®  MINERVA <A> =12 - o 25( ®  MINERVA A= =12 ]
0 ®  SciBooNE ] sl - X SaSeoNE <> =1z = N v BEBC <As =20 ]
>~ 035, O MINERvA = g ook A BEBC <A= =20 ] g o0k & CHARM Il <A> =21 =
E 03F = o b e 7 1 @ [ o sarae ]
% ot - BT Sy ey 1 5 50 7 s :
o 3 c - c L ]
Y 02F = @ - 5 -
é 0.15 3 2 1of £ 10¢
0.1 —é g 5: g 5E
0055 === —I-It— ———————— E ° -t °©
(\O_ﬂl F T R T K 10 0 T
: . 1 10
neutrino energy / GeV Neutrino Energy (GeV) Neutrino Energy (GeV)



CC inclusive vs EV

 Different off-axis angles
correspond to different E  flux

— extract E in a model independent
way (same concept of NuPrism)

o/E, (cm 2/nucleon/GeV)

* Importance of good flux
modelling

Num. of selected events

I 1 I 1 I 14
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module group 7
- module group 5
module group 3

. module group 1

40
20
D 1
0 1 2 3 4
E, (GeV)
X1 0.‘39 | ' T : | ; I ' l ' | X 10@ -
14 13
- —&— T2K INGRID  —&— T2K INGRID flux ave. | o
12 = —15004
of A J’ : 1 5
8 — .. NEmmEmmEE 0w o e—— — 1 UDU
6 —%— MINOS ] Ng
oy NEUT ] =
g L GENIE P00 3
) - NEUT flux average - é
Bl e GENIE flux average 7] S

E, (GeV)



. . . T2K,Phys.Rev. D90 (2014) 5, 052010 e
Ratio between targets (CC inclusive) . r——————————"%%;
5 U.‘?;— P i ++++—".-'1.I-E
g 08F .‘:" gfu?:
. . . S 07E . El
Useful to constrain nuclear effects (scaling with A) Ry Wsug
5 F e o —4 Standard module J, =
= ”-55_ .,‘ w/D acceptance cui_:'w,g
m T2K INGRID: standard modules(Fe) / proton module(CH) “ o4 « ¢ —- Standard module 0"
. . 03F : w acceptlance cut _EEUP
— iImpose same acceptance to cancel systematics / 02f . ~+ Proton Module {5
d Il d ﬂ 0.1F o Energy spectrum 19 2
on xsec modelling and flux 5 -
Fe S S S S R S HE R T N

E, (GeV)

2CC — 1.047 + 0.007(stat.) + 0.035(syst.), NEVT 1037, gominated by detector

CH GENIE 1.044 :
Tce systematics (!)
MINER A . 5 Minerva, Phys.Rev.Lett. 112 (2014) 23, 231801
u VA [ using “FE 2t a—eia . 4 mn o+ Data | 20—
: . F ycindf = 9.76/8 = 1.22 | & ain iation.- F y2indf = 25.87/6 = 4.31
upstream inactive targets HE T Simuiation ) Sl Sk bt A
- 5 f T | o Dt
e CH contamination o A i S SO S S s S S S x5t |
. = 1.4 . —
(20-40%) constrained E* M A
from data (2-8% 3 %
uncertainty)

. Ehad from calorimetric
L4 Data

energy deposited | msi?ﬂmémﬂm
— Bjorken x

x:Q2/(2MNEhad>

« data/MC good
agreement vs E but |

not vs Bjorken x N S IIE ' '1i4' ' '1i6' ~78 20 aa R S YR '1.i2' 14
: Neutrino Energy (GeV) Reconstructed Bjorken x

cPP /| gCH

b b
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K V XseC T2K Collaboration, Phys.Rev.Lett. 113 (2014) 24, 241803
I 2 B e o e o o o e AR LSRR R
e

25— Full phase-space

5 -~ NEUT
1| M
F 7N — GENIE /

/

Important for oscillation : v —»v_appearance
1] e

mvV_onC:flux~1% — stringent selection — T2K data

..'I....)('}...

da/dp (107 em?mucleonf GeVic))

=100 SRS T . .

= 1 unfolding E

;E B ] v. OC interactions K ]

e 7 background E i :|: [ - ‘ i |

= ] \£ == 1 |

= W hackground ] sl | i

E 40 % Oither background B ;-1 = ) 7]

= 2 [ 1 / 1/

~ i = ] ] NI EPI TP I IV IV PR PPN PPN PP NP B I

T os 2 2 i 3 35 4 435 3 !|| ) ‘||.3 jx-l- 6 0 1 12 14 16 18 2 \;.1 >

Reconstructed pr (GeV/e) P (GeVie)

« -y background 70 % from out-of-fiducial-volume constrained from data (2.1 % systematics)
large model-dependence where very small efficiency (otherwise stat. limited)

. Ve on Water Wlth T2K POD fI"ed Wlth T2K Collaboration, Phys.Rev. D91 (2015) 11, 112010
water or emptied (air) i i :

* requires forward electrons (6<45°) +
shower/track variable to remove p and 1®

MC Signal MC Background MC Total Data el
Water 196.1£48  56.7£27  2328+55 230 I o f
On-Water 60.2 £ 2.6 145+1.3 T4T+29 i = i T
Not-Water 135.9+4.0 422+23 1782+46 M0 0 00 T i
Air 173.6 £ 4.6 97.4+3.6 271.0 £ 5.8 257 \\“\

 subtraction of air data from water data
— large statistical uncertainties (syst dominated by detector)

on water :( water — alr)data/MC
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Conclusions and prospects

m CCOTmtunder change of paradigm: study of MEC and 2p2h effects
« estimation of proper uncertainties for these new models and implementation in MC

* need to gain control (both experimentally and in models) on hadronic part of
final state (proton after FSI)

m CC1m: + how to disentangle xsec uncertainties and large FSI effects
 first measurements on coherent CC11tto constrain very large

uncertainties for low |t|

More measurements needed: hadronic (inclusive) variables, angular
distributions (with large statistics), comparison of different targets, v vs v, ...

[many results shown today are the first measurements for that energy or target nuclei ']

m Far from 1% normalization uncertainty_needed for §_., measurements at DUNE and HK

— crucial to keep investment on long term effort on neutrino xsec measurement

complementarity of T2K and MINERVA (MicroBooNE...): measurements with
different flux, acceptance, systematics, ...
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BU: 1

CC inclusive: T2K

-

cm /{GeVie))

u

d’o/(dp, dcos®) (107"

-

m Simple analysis: require at least one muon (small background from NC and flux pollution vu)

s Dominated by CCQE at T2K E  energy:

— indications in favour of new models with 2pZh — agreement also with old tuned models

Martini et al, Phys.Rev. C90 (2014) 025501 T2K Collaboration, Phys.Rev. D87 (2013) 9, 092003
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Charged Current Quasi-Elastic

= Dominant contribution at T2K flux : QE approximation assumed to

compute E_ (from Ep) for all selected events in Super-Kamiokande
— wrong modelling would cause bias on oscillation parameters

m MC description based on

n

CCQE

p

BU:2

1 0_39 MiniBooNE Collaboration, Phys.Rev. D81 (2010) 092005
» form factors tuned from ep :-i"é" 166
scattering (M,) and vH xsec in s 135 (b)
bubble chamber (M,, deuterium) 10F L&ﬁtﬁ?im‘ rlr++h*,_*_
 nuclear effects : Relativistic EE— x E}:ﬁ-‘g{:ﬁtdalq‘:ﬁllﬁl’tj.tHE’;,-'i.’r”“
. . . . f_ Y m{::‘l : 'l:-v]l ":ﬂ,:[‘[‘l}l’ ;E ' e
Fermi Gas with Pauli blocking o2 S REG model with My =1 13 Gk 00
(+ FSIl in MC cascade models) 0E— — .
10 1 10  E[™(GeV)

m MiniBooNE measurement shows large
discrepancy wrt to this model (large M, %)

Martini et al., Phys.Rev. C80 (2009) 065501

— explication from theoretical models including :

* long range correlation between nucleons\;
(aka RPA)

» possibility of interactions with NN pairs
(aka 2p2h and MEC effects)

Effort ongoing to include them in MC L /,;f:f

1

10—

SHAZ) 107" em

m Final State Interaction only included in b

MC models: CC1mtwith pion re-absorption
included in signal (CCOm)

E, [GeV]

(.4 0.7 0.8 LLAY)
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Events / 5 degrees

C C O t k' t' e «10- T2K Collaboration, Phys.Rev. D91 (2015) 11, 112002

Tt proton kinematics ;oo

5 14 —— MiniBooNE -]

E |of — NOMAD ot E

. "'g “E —— MINERwvA — it I E

m T2K on-axis INGRID: Proton Module Standard module -~ 7= 10 [ l ]J - =

Separate Only pure CCQE @ Ldb E;_ h.l:.];l'":. . “;'I*l'— One tra::k'[dalu _h-_;

(kinematics cuts against FSl, @ 6 i + Tworrackdata

Mg - o ombined data 7

and 2p2h) l ‘"'"'11\\_ 4 ra + NEUT (M¥=1.21 GeVie)]

b n Vg ---- SE=0.99 Gevict]

. @ L-‘-“"“1--..,‘ 5 - g EEEEFE;E\. uz:::g:; E

large model dependence : ) Bl o GENIE o v

discrepancy btw mu only and I E— o ;{'[n

v (g

mu+p — models do not Nuclear model in MC Ratio of cross-section results ( )
describe well the proton Relativistic Fermi gas model 1.45 =+ 0.09(stat.) 5 2a(syst.)
kinematics Spectral function 1.25 4 0.08(stat.) "5 22 (syst.)

= MINERVA more inclusive : mu + at least m) Still dominated by model uncertainties through
1p (no pions) and no cuts against FSI proton/muon acceptance and pion rejection

x10° «10%°
I-__—'l'— Diata T —  POT Normalized
“]: R simulation QE peak (1 800) 8 8l Data
N R smearedby & [
i Fermi motion, 3 6 NulWro RFG
[ . . o B —  NuWro RFG+RPA
6 inelastic scatt. E L o NuWro REGLTEM
[ fron Normalired and FSI L;,-‘ 41— -.-.=. NuWro RFG+RPA+Nieves
4 __ ?;}!‘:.;TEMH (+ N N ?':ﬂ’ : = = = = GEMNIE Inelastic
2: correlations) -S 2__ = = = = MNuWro Inelastic
20 40 60 80 100 120 140 160 180 0 0.5 1 15 2

Minerva Collaboration, 2
Reconstructed ¢ ( degrees ) Phys.Rev. D91 (2015) 7, 071301 Qe (GeV?)
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CCOmMINERVA: vertex activity

Minerva Collaboration, Phys.Rev.Lett. 111 (2013) 022502, Phys.Rev.Lett. 111 (2013) 2, 022501

-
. o
= MINERVA: ool @=4020HE Total MC before fit = 00T Total MC before fit
* muon + minimal :'g; - MC Background 0 550i| -~ MC Background
hadronic activity far = 150} [ Total MC after fit E 5008 [ Total MC ater it
from vertex 2 1001_ t Data 450H 4 pa
] - B
. . > i 2<(. 2 A
e more inclusive L VH (*<0.2 GeV 100} | Vu Q%<0.2 GeV?

-

proton-related variable: 9

=_Im_Tg] !
R, LM S50 ==

vertex activity N s G_Ji&&e«sh.,n_ -
0 100 200 300 0 50 100 _150 0O
_ _ Vertex Energy (MeV) _ Vertex Energy (MeV)
2p2h interactions : v, data suggest additional v, data: no additional
VuNP—=HPP proton with E<225MeV in proton (low sensitivity of
v,np—pnn 25 + 1(stat) +9(syst) % of events  Minerva to low E neutrons)

unlikely to be due to systematics (eg, FSI):

highly correlated (0.7) btw v,and v,
= |n the pipeline for T2K:

« proton counting (but modelling of proton kinematics basically unknown...)
« water vs carbon — disentangle FSI from MEC

e comparison of v and v CCOT: MEC/2p2h effects partially suppressed in v
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ArgoNeuT: 2p2h observation

Proof of principle of LAr technology: full 3D imaging, very low proton threshold (21 MeV)

m Short Range Correlation NN pair typically above Fermi level
— final state with p + 2 high-momentum protons (no experimental sensitivity to neutrons)

I
» back-to-back protons before FSI:
CC A pionless decay and meson exchange current with low ¢ | ¢
momentum transfer to the pair rom anaogy to
. electron-N and
* back-to-back protons in Lab. reference frame: 4 hadron.-N
scattering
CCQE interaction on a nucleon in SRC pair — correlated n
ejected as well due to high relative momentum of the pair
. w 100 150 0 i /

More precise quantitative analysis need improved models for interpretation of
experimental data (including FSl!)




MINOS: CCQE

BU:

(Events/0.04 GeV?) x 107

(Events/0.04 GeV?) x 107

Effective parametrization for background constraint and signal (M %)

- : , : I i
QE-RES enriched Sample ] o gl RES-enhanced Sample | 1.0 7
{Area Normalized) ] E (Arza Normalized) 1 =
0F —— Data ] % - —— Data 2
{ Si8 True QF 1 O gl ; == True QE i c 08l T
st L2 True RES ] % === True RES T
| rue LIS+ Cther > o - #  —— True DIS + Other = .
J e [w] | & -
_ ] < 2 0sli /i for CC A resonant
10 3 =T N in 0.6 3
B // E, .. >0.25 GeV & | events
5 ] = - {1 3 A
@ : ;
2 2 /// W 0.4t =
ek Eﬂ TN s ////// ; '.‘:
% 05 10 15 20 25 //‘//ﬁfffffmm&mﬁzz, : P T
Reconstructed Q7 (GeV?) 0 0.0 0.2 0.4 06 0.8
0.0 0.5 1.0 1.5 2.0 25 True Q2 (GeV)
Reconstructed Q° (GeV*)
F ven, 127
sk QE Enhanced Sample ooa i Q3 Range M, E, MEES o
. —— Data (Bl P TR T (GeVE) (GeV) scale (GeV) scale
------- MC Before Fit Q . 0.0-1.2 123705 1.00£0.01 1097511 1.06%0.02
10l —— MC After Fit E“” S 0.3-1.2 122701 1001000 100t01%  NoA
-_ 7,,//‘
.'__ Ehad<0-25 GeV 0.9 ' """" MC Before Fit ] / . N
5F —— MC After Fit ] nuisances
08 11 aa+0.13 oy +0.12 \ 7
s 00 02 04 06 08 10 12 |Ms=1.23 ht “(svst.) GeV
i Reconstructed Q7 (GeV?) A _”'lml: JII_”'I"'( ) )M
D — | | P TR PR | P SRR —
00 o2 o4 o6 o8 10 12 M, well above measurement from bubble chamber

Reconstructed Q% (GeV?)

— modern explication: 2p2h contribution
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CC11 coherent. MINERVA

« Similar selection and background constraints applied to v and v beams
— large suppression of backgrounds wrt to MC predictions (60-70 %)

* Enough statistics for a
differential measurement

— indication of
suppression at low 1t

energy and large mtangle
wrt to Rein-Seghal model

» systematics
dominated by model
uncertainties

“5—\.
Q Xn.df =54.4912
E 0.15 +DATA
2 —GENIE v2.6.2
]
e
& 04
o
S
=] =3
'“|'Uu.05 T
i‘ \\
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2
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|
/

Syt Aot +T +A

o ?&:10
- ;//777
E—}_? £E \ Xn.df =7.68/9
v /| + DATA
E 5:_[ — GEMIE v28.2
E | I
o
-— [
ol
_E L
°
|
Q{ 05/ 1
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=
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MINERVA : T from CC in v beam

BU: 8

m |nteresting channel v p— U nTC:

NC 1 production is dominant background for v_appearance
provide constraints on FSI for 1i°: no 1 beam —

FSI model based only on isospin relations & — 1°

m Analysis:

* require p+ (MINOS) 1O (from energy deposited by yy)

background normalized from data: 70 % from
multi-rtwith ™ and missing ¢

m Results: only 20% signal has no FSI
— results indicate preference for presence of FSI

do

dp,

(10" em#nucleon/(GeV/c))

40

H"?.l".gi::h 2 s —|— Data
35 2.01e-20 POT i B
ulti-x —
30 |:| vt (£50%)
25 . al Inelastic

20 || Elastic

I:I =" Mon-interacting

(depletion at 0.3GeV|
due to absorption)

15

do

(10™*° em2/nucleon/(GeV/c))

Events Y (10 MeV/c?)

1
1

—

[

=
|||

—_

&0

40 :— 1.060+20 POT

[i+] P = T = = =
===~ - -
M T T T[T T T[T T T[T TT]TT

r MINERvA

[ POT normalized + Data
m Signal

l:' Background

0 50 1£'Il3l 150- 200 25[) 300 350 400 450 5{'![)

m,, (MeV/c?)
40: MINERVA
35F “evasmror — Data
a0k —— GENIE w/ FSI
e GENIE wio FSI
20 a ‘ == NuWro
Eﬂf --- NEUT
15§
10f
%ﬂ : 1 1 1 1 1 1 I 1 1 1 I 1 1 1 1 .I 1 1 1 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14

P, (GeV/c)



doCH

dx

dx

A.Bravar

DIS Cross Section Ratios — do / dxg; EPS 2015

» Retio of 81°; 427 , Ratio of 42 42 , Ratioof 87 ; &
' MINERVA Preliminasy == Data b waMEmvA Prelimimary 4= Data I ' MINERVA Preliminasy [=tb= Data
3.120420 POT == Simulation - 3.128+20 POT == Simulation 3.128+20 POT — Simulation
1-‘5_ NOT Isoscalar Corrected 1-5: NOT Isoscalar Corrected ? 1-5. NOT Isoscalar Corrected
1.4 _ } Bl 14} 1 1.4¢
12! * %u 12! Bj 12! |
E 'E‘-‘-H [ 4 * - IT 2 -_‘_,—l—'_r_J 1
10 go 1OF g ' EE 1.0F i
g doC/dx F dofe/dx | doPb/dx
0.8 s 08 ——— 08 —— e
0.6 06 0.6
00 01 02 03 04 05 06 07 00 01 02 03 04 05 08 07 00 01 02 03 04 05 06 07
Bjorken x Bjorken x Bjorken x
Select DIS sample by requiring Q% > 1 GeV?and W > 2 GeV
(these cuts remove the quasi-elastic and resonant background)
x dependent ratios directly translates to x dependent nuclear effects
(interpret data at partonic level)
cannot reach the high-x with current beam energy (LE data sample)
MINERvVA data suggests additional nuclear shadowing in the lowest x bin
(<x>=0.07, <Q?> = 2 GeV?)
In EMC region (0.3 < x < 0.7) good agreement between data and models - YR

heh

(GENIE assumes an x dependent effect from charged lepton scattering on nuclei) \Exﬂ
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® 30 years old and sparse data

arX1v:1305.7513v1

Existing data

“arXiv:1305.7513v1

arXiv-1305.7513v1

o
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&& MiniBoone (2009).

® No new results in Nuint’14.
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Recent results

Data

T

Int. BG with 1
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Reconstructed mmass (MeV/ic')

2010 SciBoone NCT1%CC

Phys.Rev. D81 (2010) 111102
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FSanchez, Neutrino 2014, Boston June 2™ 2014
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Beyond oscillation analysis

m |nelastic: v + %0 — v + '°0* — de-excitation y
used to detect SN neutrinos (10-20 MeV)

NCQE:

v+1%0 — v +p+ °N*

— primary deexcitation y + secondary y from p scattering
(overwhelming at ~500 MeV — bkg for SN v counting)

m Measurement at Super-Kamiokande

« very low PMT trigger threshold
(radioactive bkg removed with beam timing cut)

» primary background from non-QE interaction
with pion reabsorption by FSI

« vy spectrum depend on details of O nuclear
structure (primary) and the n/p multiplicity

(secondary) T
i g
efficiency 70%

(+25% NCQE w/o y)

4 T T T T I T T T T I T T T T I T T T T
-------- Ankowski NCQE cross section 7]
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L . . ]
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